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ABSTRACT 
 
In free-space optical communications, atmospheric turbulence causes fluctuations in both the intensity and the phase of 
the received signal. We propose to use focal-plane arrays to collect optical signals from different spatial modes 
simultaneously, and then recombine them optimally. Experimental setup for proof-of-concept coherent adaptive array 
detection experiment using 32-Pulse Position Modulated (PPM) signals under atmospheric turbulence has been 
completed.  Adaptive combining of experimentally obtained heterodyned PPM signals with pulse-to-pulse coherence, in 
the presence of simulated atmospheric turbulence is demonstrated. The adaptively combined PPM signals are phased up 
via a Least-Mean-Square (LMS) algorithm suitably optimized to operate with PPM in the presence of additive shot-
noise, and detected via a maximum likelihood software receiver. Convergence study of the algorithm is presented and 
results with simulated PPM signals and real PPM signals experimentally obtained at the laboratory are presented.  
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1. INTRODUCTION 
 
Receiver sensitivities obtained by direct detection systems can be improved by the use of coherent optical 
communications. The received signal is amplified with a strong local oscillator in order to overcome thermal noise 
limitations and obtain quantum-limited performance. A coherent system is more immune to background radiation due to 
the fact that spectral filtering is done at the intermediate frequency where the bandwidth is more selective. 
 
Optical communications performance is affected by the atmosphere. The three main atmospheric processes that affect 
optical wave propagation are absorption, scattering, and refractive-index fluctuations.  Index of refraction fluctuations 
lead to irradiance fluctuations, beam broadening, and loss of spatial coherence of the optical wave, among other effects. 
Obviously, these effects have far-reaching consequences on astronomical imaging, optical communications, remote 
sensing, laser radar, and other applications that require the transmission of optical waves through the atmosphere. The 
four common effects due to the atmosphere are beam spreading, beam wander, image dancing, beam scintillation, and 
loss of spatial coherence. Scintillation refers to the temporal or spatial fluctuations in the irradiance of an optical wave 
caused by small random index-of-refraction fluctuations. 
 
The solution proposed is to use focal-plane arrays to collect optical signals from different spatial modes simultaneously, 
and then recombine them optimally. Experimental setup for proof-of-concept coherent adaptive array detection 
experiment using 32-PPM signals has been completed at the Jet Propulsion Laboratory. 
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 The use of a laser beam as a carrier for a satellite-to-ground link enables transmission using very narrow beam 
divergence angles. Inhomogeneity in the temperature and pressure of the atmosphere leads to variations of the refractive 
index and the transmission path. Since the index of refraction of air is not uniform, it distorts the electromagnetic wave 
passing through it. Therefore, a laser beam traversing the atmosphere is constantly being refracted, or bent and as a result 
scintillation occurs1. This turbulence-induced fading impairs free-space optical links in much the same way that flat 
multipath fading impairs radio-frequency wireless links. These variations of refracted index as well as pointing 
vibrations can cause fluctuations in the intensity and phase of the received signal leading to an increase in link error 
probability. 
 
Absorption by water vapor reduces the energy content in the communication beam, and turbulence increases the beam's 
divergence. The three main atmospheric processes that affect optical wave propagation are absorption, scattering, and 
refractive-index fluctuations. Index of refraction fluctuations lead to irradiance fluctuations, beam broadening, and loss 
of spatial coherence of the optical wave at the receiver. In the context of optical communications, this randomization of 
the optical phase-front often requires the use of larger receiver field of view, thus admitting more unwanted background 
radiation into the receiver.  In the presence of background radiation, performance of direct detection optical receivers 
often degrades significantly. One way to overcome the effects of background radiation is to use coherent detection, 
which is generally much less sensitive to background effects than direct detection2. In addition, detectors used for 
coherent detection have higher quantum efficiency than those used for direct detection photon-counting applications. The 
solution proposed here is to use focal-plane arrays to collect optical signals from different spatial modes of the received 
signal field simultaneously, and then recombine the signals optimally. Analysis and proof-of-concept demonstration of 
coherent adaptive array detection with PPM signals will be described in the following sections. 
 
With coherent detection, the local oscillator mixes with the modulated wave at the surface of the photodetector as shown 
in Fig. 13. 
 
 
 
Fig. 1: Coherent optical receiver configuration. 
 
The heterodyne detector converts phase changes in the optical carrier to phase changes in the optical intensity, which are 
reproduced in the detected current waveform. More detailed analysis was already shown in4. 
 
2. EXPERIMENT DESCRIPTION 
 
The experimental setup of the optical coherent combining experiment consists of two Nd:YAG lasers operating at 1064 
nanometers, whose outputs are aligned and combined on the surface of a 4X4 detector array. One of the lasers serves as a 
local oscillator while the other simulates the received signal. The two lasers are operated at slightly different 
wavelengths, yielding a relatively stable difference-frequency tone of approximately 6 MHz in the detected signal. The 
difference-frequency tone is generally observed in several array elements simultaneously, but usually with different 
phases. If the detector element outputs were simply summed, the addition of out-of-phase signal components could result 
in significant cancellation, yielding a weak signal tone at the output. However, if individual detector elements over which 
the signal field is essentially coherent are processed separately, then the outputs can be phase-aligned prior to addition, 
effectively recovering the lost signal power. 
 
Fig. 2 is a photograph of the optical setup at the Jet Propulsion Laboratory, where the experiments described in this 
article have taken place.  
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Fig. 2: Coherent combining experiment at the Jet Propulsion Laboratory, NASA. 
 
In the current coherent combining experiment, each of the 16 outputs of the detector array are amplified, and input to a 
16-channel data-acquisition assembly. The analog signals are digitized to 8 bits at a sampling rate of 25 mega-samples 
per second (MSPS). The data-acquisition system is capable of synchronously recording up to 1 megabyte of data per 
channel. Four channels that contained significant signal energy were identified, and samples from each channel were 
collected synchronously. The modulation beatnotes can be observed (Fig. 5) at a rate of approximately 100 kHz, 
resulting in a PPM frame period of approximately 10µs. The modulation format for the transmitted laser signal is PPM 
using an external Electro-Optic Modulator (Pockle cell). The slot width is 300ns, obtaining approximately a 32-PPM 
system. A snapshot of an individual laser pulse that contains the coherently detected PPM beatnote under ideal 
conditions is shown in Fig. 3.  
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Fig 3: Snapshot of an individual PPM pulse beatnote under ideal conditions. 
 
The optical local oscillator frequency was displaced from the received optical signal frequency by 6 MHz, resulting in an 
intermediate detected frequency of 6 MHz. The heterodyned PPM intermediate signal was sampled 25 MHz (40 ns 
samples), and the resulting sample-stream digitally downconverted to complex baseband  (this operation effectively 
upconverted the 488KHz laser relaxation oscillation to 6.5 MHz, which was subsequently removed from the complex 
baseband samples by low-pass filtering). The resulting downconverted complex samples served as input to a Least-
Mean-Square (LMS) algorithm, which was used to estimate the complex weights required to reconstruct the signal. The 
complex-weighted samples from each channel were then combined, in order to maximize the combined signal-to-noise 
ratio (SNR). A rotating pre-distorted plexiglass plate was incorporated into the experimental setup to simulate 
atmospheric turbulence. Intensity distributions of the signal beam at the input to the focal-plane array under ideal 
conditions and with simulated turbulence are shown in Fig. 4. 
 
 
 
Fig. 4: Beam profile under ideal (undistorted) conditions (left), and with simulated turbulence using a plexiglass plate (right). 
 
Fig. 5 illustrates coherently detected PPM beatnotes in four different channels. 
 
 
                                              
Fig. 5: Sampled sequences of 4 channels containing PPM-modulated 6MHz beat-notes. 
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 3. ADAPTIVE COMBINING OF BEATNOTES USING THE LMS ALGORITHM 
 
The discrete complex version of the LMS algorithm can be described by the following recursive equation:  
 
 
 
The LMS is a recursive algorithm that allows the value of each weight, Wi, at the (n+1) sample to be calculated from its 
value at the n-th sample, using the signals at the nth sample.  The sampled error signal is obtained from the sampled 
reference signal and array output, as follows: 
 
 
 
The LMS algorithm described in Eqs. (1) and (2) is complex in the sense that the input and output data as well as the 
weights are all complex values. In our experiments, the reference signal is a constant value, equal to the sum of the 
average magnitudes of the signals in the signal channels. The weights are computed from Eq. (1) starting with zero initial 
values. Varying the stepsize, it is possible to control the fraction of the current weight estimate applied during each 
update, providing a desired degree of smoothing to the weight estimates. 
 
3.1 Adaptive combining of simulated data: signal tone and 32-PPM signals 
 
Convergence of the combining weights as a function of sample number has been analyzed (derivation in Appendix). 
Several cases have been considered, including signal tone and PPM signal observed under ideal conditions. Fig. 6 shows 
the comparison of the convergence of the LMS algorithm for the case of signal tone versus a 32-PPM signal. It has been 
demonstrated that the number of samples required to obtain convergence in the case of M-ary PPM signal with a peak 
power constraint is M times the number of samples required by a continuous tone, due to decreased total signal energy in 
the lower duty-cycle modulated waveform. Therefore, for the simulated case of a signal tone, convergence is obtained 
after 4 samples, while for 32-PPM, 128 samples are required for convergence, as illustrated in Fig. 6 for µ=1 and an 
introduced phase weight variation of 1 radian between every channel. 
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            Fig. 6: Comparison of output convergence for signal tone and 32-PPM signal (real part of LMS output) 
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 Fig. 7 is a block diagram of the adaptive focal-plane array combining system, where there are N detectors and therefore 
there are N channels containing signals that undergo amplification, filtering, baseband downconversion and adaptive 
combining with the LMS algorithm. 
 
 
 
 
 
Fig. 7: System block diagram including signal-flow graph representation of the complex LMS algorithm. 
 
 
Fig. 8 shows a comparison of convergence for a simulated signal tone and a simulated 32-PPM signal where the stepsize 
is µ=0.003 (detector array consists of 16 detectors).  Convergence is obtained for a signal tone after 125 samples, and for 
the 32-PPM signal after 4000 samples, as expected. Other cases have been studied using different values of stepsize. If 
the stepsize values is increased to µ=0.008, the LMS algorithm converges faster, hence only 1000 samples are needed for 
convergence as opposed to 4000 samples for the previous case.  
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Fig. 8: Comparison of convergence for signal tone and a 32-PPM signal 
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 3.2  Experimental results 
 
 Small stepsize tends to produce accurate weight estimates under static conditions; however the algorithm may not be 
able to keep up with rapid changes under dynamic conditions with small stepsize. This often leads to “weight 
misadjustment” errors under dynamic conditions, as the weight estimates cannot keep up with the signal dynamics. 
Therefore, there is typically a best stepsize to use for each situation. It is important to note that in the literature, the 
stepsize is usually taken to be much smaller than one, but that is because the signal is assumed to be of unity amplitude. 
In our experiment, the signal levels tend to be very small as there is not enough amplification after detection. Therefore, 
larger values of stepsize are needed to provide adequate updates to the weights. 
 
3.2.1. Convergence of the LMS algorithm with PPM signals and no atmospheric turbulence 
 
We first consider the case using a stepsize of µ=5 (considered to be small for the experimentally recorded data, which are 
on the order of 0.01 for the individual channels). The sum of the magnitudes of the signals in the four selected channels 
is approximately 0.2. Fig. 9 shows the combined output of the LMS combiner for this case; with a stepsize of 5, the LMS 
algorithm cannot keep up with the phase variations in the beatnote, hence the combined output signal never reaches its 
maximum value of 0.2; instead, it reaches only about 0.14. 
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Fig. 9: Combined output with µ=5. 
 
When a larger stepsize is used, µ=8, the combined output achieves the desired value of 0.2 as illustrated in Fig. 10.  We 
see that the combined output reaches its desired maximum value after approximately 800 samples; this translates to an 
acquisition time of approximately 32 µs.  
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Fig. 10: Combined output with µ=8. 
 
Fig. 11 shows the behavior of the phase of the combining weights, as a function of time (or samples). We observe that 
the phase of the weights have a sawtooth shape due to the continuously changing phase in the downconverted output, 
which is not exactly at zero frequency.  
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Fig. 11: Phase of the weights for µ=8. 
 
Fig. 12 also shows an individual combined pulse and its weighted components. The addition of the magnitudes of the 
four channels is 0.2; indeed, the components sum to approximately 0.2 as expected, verifying the validity of the 
instantaneous combining operation.  
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Fig. 12: Combined output and weighted signal components with µ=8. 
 
 
In summary, it can be seen that the experimentally obtained PPM signals are combined correctly with the larger stepsize, 
and converge to their desired final value in less than a millisecond.  
 
3.2.2 – Convergence of LMS algorithm in the presence of spatial distortions caused by a static plexiglass plate in the 
optical path.  
 
For the case of combining detector array output signals spatially distorted by the plexiglass plate, the desired signal 
magnitude is the addition of the average magnitudes of the individual channels, which in this case turned out to be 0.064. 
Initially, we attempt to combine adaptively using a stepsize of 10, however it can be seen from Fig. 13 that the stepsize is 
too small hence the LMS algorithm cannot keep up with the residual phase variations and only attains a magnitude of 
0.035.  Fig. 14 shows the phase of the LMS weights for µ=10. 
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        Fig. 13: Combined output with µ=10.                                                   Fig. 14: Phase of the weights for µ=10. 
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 Referring to Figs. 15, 16 and 17, we observe that as we increase the value of the stepsize to µ=20, we achieve improved 
combining performance. The combined output shown in Fig. 15 and in more detail in Fig. 17 has increased, approaching 
its maximum value of 0.064. At this point, the stepsize is large enough so that the LMS algorithm is able to keep up with 
the phase-rotation of the complex downconverted beatnote.  
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Fig. 15: Combined output with µ=20. 
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Fig. 16: Phase of the weights for µ=20. 
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Fig. 17: Combined output and weighted signal components with µ=20. 
 
The algorithm is able to track changes in the intensity distribution of the signal due to distortions introduced by 
atmospheric turbulence that range from 1ms to 10ms. Fast convergence of the algorithm allows higher SNR despite of 
signal fluctuations due to atmospheric turbulence. 
 
4. CONCLUSIONS AND FUTURE WORK 
 
We have accomplished testing of an optical coherent communications receiver using PPM signals operating under 
simulated turbulence conditions. We have shown that a modified LMS algorithm can be used to track the phase of the 
PPM signals generated by the photodetector array, producing an optimally combined signal. Work is continuing to detect 
the combined PPM signals and verify laboratory performance with theoretical results. More PPM data sets have been 
taken using different OD filters to decrease the power of the received signal in order to determine detection threshold of 
lab receiver, and to compare with shot-noise limited performance. Current work includes determination of Symbol Error 
Rate (SER) from the PPM modulated lab data, using a maximum likelihood software receiver to process the coherently 
detected (but non-coherently post-processed) focal-plane array samples.  
 
APPENDIX 
 
For a desired signal d(n)=1, and µ=1  
Assuming that: 
 
 
 
 
And for n=1 the following weights are obtained: 
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These weight values were used to compute the output values of the LMS for the example shown in Fig. 6. 
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For the case of n=2 and n=3 the following analysis is shown: 
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